Nosocomial Candida albicans infections are a significant problem in neonatal intensive care units (NICUs). We investigated the clonality of C. albicans isolates recovered over an 8-year period from neonates at a NICU. We also validated multilocus sequence typing (MLST) compared with pulsed-field gel electrophoresis (PFGE) for the genotyping of C. albicans strains from the same NICU. A total of 43 clinical isolates (10 blood, 19 urine, and 14 other) were obtained from 43 neonates between 2005 and 2012. Clonal strains were defined as the isolation of two or more strains with identical or similar genotypes as determined with both MLST and PFGE. Using MLST, the 43 isolates yielded 25 diploid sequence types (DSTs) and 10 DSTs were shared by 28 isolates (65.1%). Among the 28 isolates sharing 10 DSTs, isolates from each of seven DSTs had the same or similar PFGE pattern. In addition, two sets of isolates that differed by MLST at only one locus had the same or similar PFGE pattern. Overall, when the MLST and PFGE results were combined, 22 isolates (51.2%) shared eight genotypes, suggesting clonal strains. Strains from each of seven genotypes (total, 19 isolates) were isolated among the 22 clonal strains within a 6-month period, whereas three strains of one genotype were obtained over a 3-year interval. Our findings suggest that horizontal transmission of C. albicans may occur more frequently than vertical transmission among NICU patients and that MLST appears to be a useful method for genotyping C. albicans strains isolated from NICU patients.
Introduction
Candida albicans is the most frequent cause of invasive candidiasis in neonates and represents a serious threat in neonatal intensive care units (NICUs) due to the high mortality rates associated with this infection in these patients [1, 2] . Colonization of infants by Candida species, which appears to play an important role in the later development of invasive candidiasis, may occur as either vertical transmission from mother to child or through horizontal acquisition within the NICU [3, 4] . As a result of recent improvements in neonatal survival rates and the extensive use of vascular or respiratory support instruments [5] , neonatal candidiasis may be more likely to occur through exposure to exogenous pathogens than through vertical transmission, especially within NICUs. Clonality analyses of C. albicans clinical isolates collected from the same NICU may therefore provide important clues as to the source of neonatal infections.
Several molecular methods, such as Southern blot hybridization with discriminating probes, pulsed-field gel electrophoresis (PFGE), randomly amplified polymorphic DNA analysis, and multilocus sequence typing (MLST) have been used to assess genetic relatedness among C. albicans isolates [2] [3] [4] [6] [7] [8] . Among these, PFGE is a well-established method for the typing of C. albicans because of its stability and good reproducibility and its ability to differentiate among clinical isolates. However, it has drawbacks when it comes to interchanging data among laboratories for comparative purposes [6] [7] [8] . MLST, which has emerged as the preferred method, relies on internal DNA sequences of seven independent housekeeping genes to generate unambiguous and highly reproducible data; this makes the analysis of data from different geographical locations possible [6, 7] . Previous studies have shown that MLST results exhibit strong agreement with other well-established methods, including Ca3 Southern hybridization and restriction digest analysis of genomic DNA using BssHII (REAG-B) followed by PFGE to discriminate epidemiologically related strains [6, 8] . Although nosocomial infections with C. albicans continue to be an important problem in the NICU [1] [2] [3] [4] [5] , validation of MLST for clonal analysis of C. albicans clinical isolates from a single NICU has yet to be performed. In this study, we investigated the genetic relationship of C. albicans clinical isolates obtained from a NICU over an 8-year period using both MLST and PFGE. Also, we evaluated MLST for its ability to assess the clonality among C. albicans strains. [5] . In vitro antifungal susceptibility testing for amphotericin B, fluconazole, and voriconazole was performed using a broth microdilution assay in accordance with the methods of the Clinical and Laboratory Standards Institute M27-A3 [9] . Candida albicans isolates were typed using MLST, as described previously [6] [7] [8] , with the internal regions of seven housekeeping genes (AAT1a, ACC1, ADP1, MPIb, SYA1, VPS13, and ZWF1b). Sequencing was performed on both strands using an ABI Prism 3130xl genetic analyzer (Applied Biosystems, Foster City, CA, USA). All data were entered into the MLST online database (http://calbicans.mlst.net), and a MLST dendrogram was constructed using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) method, as described [7] .
Materials and methods
PFGE typing was performed by restriction endonuclease analysis of genomic DNA using restriction enzyme BssHII (REAG-B), as described previously [7, 8] . For REAG-B, strains with banding patterns that were identical in size and band number were assigned to the same type. Strains with banding patterns that differed by three or fewer bands were considered similar and described as subtypes (a or b) of a given clonal type, and strains with banding patterns that differed by four or more bands were considered different types. All analyses were performed at least twice. A PFGE dendrogram was constructed using the UPGMA method and BioNumerics 7.1 (Applied-Maths, Belgium). Clonal strains were defined as the isolation of two or more strains with identical or similar genotypes by both MLST and PFGE.
Results and discussion
Genotyping results for all 43 clinical isolates are shown in Table 1 , along with the clinical characteristics of each patient. During the first year of this study, C. albicans Pulsed-field gel electrophoresis analysis included restriction endonuclease analysis of genomic DNAs using BssHII. The differences denoted, a or b, are insufficient to classify the isolate as different rather than similar (sharing all of the bands except three or fewer bands). § Clonal genotypes were defined by the isolation of two or more strains with an identical or similar genotype by both multilocus sequence typing and pulsed-field gel electrophoresis.
#
Indicates new (unpublished) diploid sequence type types identified in this study.
isolates were recovered from eight very-low-birth-weight (VLBW; <1500 g) infants (patients 1-8). Six of these eight developed invasive candidiasis (two cases of candidemia and four of clinically documented infections), with four deaths recorded. As a result, fluconazole prophylaxis was used for a 7-month period, January 2006 to July 2006, for all high-risk VLBW infants using endotracheal intubation and central vascular access. During these 7 months, C. albicans isolates were recovered from five additional patients (patients 9-13), though none were VLBW infants. However, an apparent outbreak of Malassezia pachydermatis fungemia that affected five VLBW infants between March 2006 and August 2006 led to the implementation of more rigorous infection control strategies in our NICU. Particular emphasis was placed on hand washing by nurses and other healthcare workers, as well as random fungal surveillance cultures that were added as a precautionary measure. Over the next 2 years, C. albicans isolates were obtained from surveillance culture swabs of the rectum, skin, or oral cavities of 10 neonates (patients 12, 14-18, and 21-24), but none of these isolates were associated with clinically significant infections. During the 8-year study period, the majority of urine samples were obtained from urine bags. Of the 19 identified urinary isolates, only 10 (52%) were judged to be associated with clinically significant infections. Overall, 21 isolates (10 blood, 10 urine, and 1 throat) were judged to be associated with clinically significant infections, with all patients except patient 2 receiving antifungal therapy. Among the 43 isolates, the minimal inhibitory concentration (MIC) ranges for amphotericin B, fluconazole, and voriconazole were 0.25-1.0, 0.125-2.0, and 0.03-0.06 µg/ml, respectively. No increases in MICs were observed during the course of this study.
MLST produced 25 unique diploid sequence types (DSTs) for the 43 C. albicans isolates, of which 29 (67.4%) belonged to previously described types (14 DSTs). The remaining 14 isolates (32.6%), representing 11 distinct DSTs, were considered novel and have since been added to the MLST database (http://calbicans.mlst.net). A dendrogram was prepared from the MLST results for 43 isolates (Fig. 1) . Of 25 DSTs identified, 10 were shared among 28 isolates (65.1%), while the remaining 15 were unique to a single isolate.
REAG-B differentiated the 43 isolates into 29 patterns. Among the 28 isolates sharing 10 DSTs, isolates from each of seven DSTs (total, 19 isolates) had the same or a similar PFGE pattern. Figure 2 shows that most C. albicans isolates belonging to the same DST had the same or similar REAG-B patterns. However, some C. albicans isolates belonging to the same DST showed different REAG-B patterns based on their time of isolation. One isolate (69-1), which Most isolates belonging to the same diploid sequence type (DST) showed the same or similar REAG patterns. However, isolates belonging to the same DST (732) showed distinct REAG patterns. In addition, three of four isolates belonging to DST 79 (DST 79-1-DST 79-3) showed indistinguishable REAG-B patterns; they were recovered within a 6-month period, while the remaining isolate (79-5) was isolated later. Additionally, closely related DSTs (eg, DST 435 and 2009), which were identical in six of seven housekeeping sequences, showed similar REAG-B patterns. See Table 1 showed a patient-specific REAG-B pattern. Additionally, two isolates, recovered in 2005 and with closely related DSTs (DST 435 and 2009) that were identical in six of seven housekeeping sequences, showed similar REAG-B patterns.
Overall, the combination of MLST and REAG-B identified eight clonal genotypes (I-VIII), which were identical or similar with both methods. These eight clonal genotypes were shared by 22 isolates (51.2%), reflecting the results obtained using REAG-B alone. Seven of the eight clonal genotypes (except genotype III) were recovered within a 6-month period. Patient hospitalizations often overlapped during this period, with the same healthcare workers caring for each of the patients. One genotype in particular, genotype VIII (DST 2088), was isolated from blood cultures of three neonates within a 1-month period, suggesting that a nosocomial cluster of C. albicans candidemia occurred. In contrast, three strains of genotype III (DST 182) were isolated over a 3-year interval, suggesting that clonal strains may be dormant over long periods of time, although whole genome sequencing would be necessary to prove the clonality of these strains [10] .
In our previous study of C. albicans blood isolates collected from 10 hospitals over a 1-year period, we noted that the majority of isolates with identical DSTs had different PFGE types, with a concordance rate between MLST and REAG-B of only 21.3% for isolates belonging to the same DSTs [7] . In contrast, in this investigation, we observed a concordance rate of 67.9% (19/28) for isolates belonging to the same DSTs and a rate of 86.4% (19/22) for isolates with the same or similar DST that were recovered within a 6-month period. These data suggest that the concordance between MLST and PFGE typing of isolates potentially belonging to clonal strains may differ depending on the hospital ward and isolation interval. Using a more restrictive definition of a nosocomial cluster (two or more strains with identical or similar DST types isolated in the same NICU within a 6-month period), MLST can be a very effective tool for detecting nosocomial clusters of C. albicans within the same NICU.
Candida albicans is believed to colonize neonates both vertically and horizontally in the NICU [4] . Over half of the clinical isolates described in this study shared either identical or similar genotypes with one or more of the other isolates, suggesting that horizontal transmission occurred more frequently than vertical transmission among patients in our NICU. Interestingly, all seven deaths occurred in patients either colonized or infected with clonal strains, with no deaths associated with nonclonal isolates. However, the prevalence of clinically significant C. albicans infections was similar whether caused by clonal or nonclonal strains (52% [12/24] vs. 47% [9/19] ). Additional research is necessary to determine the significance of these observations. The limitation to this study was the small number of isolates collected, almost half of which were not associated with clinically significant infections. However, the isolates described here represent almost all C. albicans clinical isolates encountered in a single NICU over an 8-year period, providing a controlled environment from which to study the role of horizontal transmission of C. albicans. As a result, we were able to investigate the usefulness of both MLST and PFGE for assessing the clonality of C. albicans strains recovered in a clinical setting. In addition, we limited the interpretation of identical clones to isolates with identical or similar genotypes determined by both MLST and PFGE. Since REAG-B patterns are likely to reflect fastevolving genetic markers, we cannot exclude the possibility that isolates with identical DST and different REAG-B types could nevertheless have been derived from a common recent ancestor [7] . Therefore, some of the isolates that were not interpreted as clonal genotypes in this study may well be representatives of a "clonal" strain that underwent some limited evolution. Overall, our results show that more than half of the C. albicans clinical isolates described were clonal in origin and that genotyping by MLST can facilitate the detection of nosocomial clusters of C. albicans within NICUs.
